Rabbits fed cholesterol before and during pregnancy showed a high fetal mortality. Decreasing the dose and duration of cholesterol feeding decreased this mortality. Successful insemination in cholesterol-fed does was less frequent than in control animals. Fetuses from cholesterol-fed does weighed significantly less than those from control does, but newborn young did not show a significant difference in birth weight. Placentas from cholesterol-fed does showed greatly increased concentrations of cholesterol, particularly in the esterified form. Placental transfer of 131Imeasured in vivo did not show significant differences as a result of cholesterol feeding.
INDEXING KEY WORDS terol â€¢ rabbit fetal growth â€¢ placental permeability â€¢ cholesSome years ago we observed that when hypercholesterolemic rabbits became preg nant very few of their young were born alive. Although the effect of pregnancy on serum cholesterol concentration in the rabbit has been described (1, 2) little in formation appears to be available on the relation of serum cholesterol concentration to the development of the fetus. Popjak (2) reported that the feeding of cholesterol to rabbits for a relatively short period of time leads to accumulation of this lipid in the fetal portion of the placenta. He also found lower weights of the fetuses from cholesterol-fed rabbits on day 28 of preg nancy and proposed that the accumulation of placental lipids might partially block the transfer of nutrients to the fetus. The present studies were undertaken to test this hypothesis by direct measurement of placental permeability with a radioactive tracer. In addition, we have reexamined the relation, if any, of fetal weight to cholesterol content of the placentas.
MATERIALS AND METHODS
Adult New Zealand White rabbits were used. The animals were purchased from a supplier with a closed colony " and kept in the laboratory for several weeks prior to the beginning of the experiment. All animals were caged individually and fed a rabbit laboratory diet4 throughout. Be fore day 15 of gestation animals received 100 g of diet, whereas after day 15, 200 g of diet were fed. In most of the experi ments food consumption records were kept and the animals were weighed regularly. In several experiments animals were pairfed. Diet for animals fed cholesterols was prepared by dissolving the sterol in vege table oil ' at 100Â°and pouring the warm oil over a large batch of diet which was then mixed in a mechanical mixer. Cho lesterol supplements were 250, 500 or 1000 mg per day, whereas the daily oil supple ment was 2.6 g before day 15 of gestation and double that amount afterwards.
In the experiment reported in table 1, four rabbits fed a cholesterol-free diet were bred and, after weaning the young, were rebred two to four times while fed the 0.25% cholesterol diet. In subsequent ex-pÃ©rimantsthe cholesterol-containing diets were begun 1 week before breeding.
Nearly all animals in this study were bred by artificial insemination. For a given experiment, semen was collected from a single buck by the method described by Bredderman et al. (3) . After establishing that the sperm were motile, the semen was diluted with 0.9% NaCl. Females were injected intravenously with 5 mg of pitui tary luteinizing hormone 7and immediately thereafter 0.5 ml of the diluted semen was injected into the vagina (4).
Rabbits were bled periodically from the marginal ear vein. Plasma was obtained from blood containing 0.01 ml of 15% EDTA, adjusted to pH 7.4, per milliliter of blood. Cholesterol was determined in plasma after saponification (5) and ex traction with petroleum ether by the FeCl3 colorimetrie procedure (6) .
Placental cholesterol was determined after extraction with chloroform-methanol (2:1, v/v) (7) or ethanol-diethyl ether (3:1, v/v) (8) . The extracted lipid was saponified and cholesterol was determined as described for plasma. Free cholesterol and cholesteryl ester were separated by thin-layer chromatography on silica gel H â€¢ with petroleum ether-diethyl ether (80:20, v/v). Sterols were eluted with chloroformâ€" methanol (2:1), saponified and determined as described for plasma cholesterol.
Placental transfer of "'I was measured in animals between days 25 and 29 of pregnancy. The rabbits were injected in travenously 1 day before the transfer ex periment with KI (3 mg/kg) to block the thyroid. Na131!' was diluted with KI so that each animal received approximately 150^Ci of I31Iand 10 to 15 mg of KI by vein. For the time study the rabbits were anesthetized with diethyl ether, blood sam ples were withdrawn periodically and fetuses removed surgically through an abdominal incision. For all other transfer experiments maternal blood samples were taken from the ear of unanesthetized ani mals during the first 35 to 40 minutes after Na"'I injection. The rabbits were then anesthetized with diethyl ether and 45 minutes after injection of 131Ifetuses were removed as quickly as possible through an abdominal incision. After re moval of the embryonic fluid and mem- 1 Cholesterol-fed does received laboratory ration plus 0.25% cholesterol and 2.6% fat. Animals were offered 100 g of diet, except during the second half of preg nancy and the period of lactation when 200 g of diet was given. Cholesterol intake in these animals aver aged between 250 and 500 mg per day.
branes, the fetuses were rinsed and blood was taken by heart puncture from some fetuses. Single fetuses were sealed in a plastic bag for subsequent counting of I3II.
Placental tissue was removed, separated into a maternal and a fetal portion, rinsed and stored frozen in plastic bags for count ing and lipid analyses. Whole fetuses, blood, and plasma samples were counted in a liquid scintillation detector."
RESULTS
Preliminary experiments with rabbits fed 1% cholesterol for varying lengths of time showed that it was nearly impossible to obtain viable offspring. For this reason the cholesterol intake was lowered to 0.25%. Table 1 summarizes the results of repeated breeding experiments with four does fed laboratory diet or 0.25% cholesterol diets. The does were bred the first time while they were consuming labo ratory rabbit ration. No mortality was ob served in any of the litters. Three of the does were bred twice more and one doe four more times while they were consum ing the same diet supplemented daily with 0.25% cholesterol and 2.6% fat. The effect of cholesterol feeding " is shown by greatly increased mortality in all litters. 11In later experiments, to be discussed below, con trol animals received 2.6% added fat which showed no deleterious effects. Table 2 presents additional information on this experiment and includes data on eight additional control litters. Average litter size and gestation period did not appear to be affected by cholesterol feedIng. Mortality in the control litters was 10%, whereas the cholesterol-fed rabbits showed an average mortality of 86% in their offspring. Many of the newborn dead animals were small but not mal formed. Their skin was macerated, the stomach was usually filled with a dark fluid and they appeared to have been dead for some time.
In subsequent experiments the dosage of cholesterol was maintained at 250 mg/day and the duration of cholesterol feeding was standardized to begin 7 or 8 days before artificial insemination. In the experiments reported in tables 1 and 2 both the caloric intake and the cholesterol intake were doubled at day 15 of preg nancy. In subsequent experiments the cholesterol intake was kept constant throughout, while the caloric intake was doubled on day 15. An additional differ ence was that from some does fetuses were delivered surgically between days 25 and 30 while other does were allowed to deliver their young at term. Although these changes in procedure decreased fetal mortality to about 5%, the effects of cholesterol feeding were still apparent when the body weights of the fetuses were compared (table 3) .
One difficulty In interpreting body weights of litters is that during the second half of pregnancy the cholesterol-fed ani mals did not always consume the full 200 g of food offered each day. Although all animals ate their full ration of cholesterol, the caloric intake of one animal dropped to 50% and that of two others to 80% of the offered calories. For this reason table 3 includes data obtained on 12 pairfed pairs. The data show that irrespective of the method of feeding, the young of cholesterol-fed does delivered surgically between day 27 and 30 were significantly smaller than those from the controls. At full term, however, no significant differ ence in weights of the newborn was evident.
In three pairs of animals (table 3), l g of cholesterol was fed per day instead of 0.25 g. Body weights of the surviving fetuses appeared to be unaffected by the dose of cholesterol but the average mortal ity in the three litters from does on the higher cholesterol intake was 20% as compared to 5% in the litters receiving the lower dose.
The placentas from controls and cho lesterol-fed rabbits differed greatly in ap pearance. In the control animals the fetal portions of the placenta were reddishbrown, whereas the maternal portions were yellowish-white. In the cholesterol-fed rab bits the fetal portions of the placenta were filled with lipid which made them more similar in color to the maternal part. Table  4 shows that the cholesterol concentration in the fetal portion of the placenta was increased about eightfold, whereas the maternal portion of the placenta was in creased only by a factor of two. Both free and esterified cholesterol of the placenta were increased but the increase in esteri fied cholesterol was larger. Such an in crease in cholesterol ester, when it occurs in other tissues, is usually a sign of a lipid storage disorder.
Serum cholesterol concentration. Be fore insemination, and while the animals were fed the control diet, the serum choles terol concentrations of the does were be tween 60 and 100 mg/100 ml. In the rabbits fed the cholesterol-free diet during gestation the serum cholesterol concentra tions remained relatively constant until day 15 of gestation. At that time the cho lesterol began to decrease and continued to decrease until pregnancy was termi nated or the animals delivered. Serum cholesterol concentrations at, or near, term were always less than 20 mg/100 ml and frequently were less than 10 mg/100 ml. In animals fed 250 mg of cholesterol per day the plasma cholesterol increased dur ing the first half of pregnancy to between 400 and 1000 mg/100 ml of plasma, and decreased to between 23 and 50 mg/100 ml of plasma during the second half of pregnancy. Data on serum cholesterol are more fully presented elsewhere (9) .
Placental transfer. Inasmuch as PopjÃ¡k (2) had suggested that the small fetuses of hypercholesterolemic does might have suffered from insufficient supply of nu trients because of the high lipid content of the placentas, we decided to measure placental transfer of iodide. Iodide was chosen because it is not lost from the fetus by oxidation, as are most metabolizable (7) 1Total cholesterol expressed as g/100 g fresh tissue, cholesteryl ester as percentage of total cho lesterol.
*Average + SE.Numbers in parentheses are total number of placentas from six to nine cholesterolfed and control does. The differences in cholesterol concentrations of maternal and fetal placentas of controls and cholesterol-fed rabbits were statistically highly significant (P < 0.001). substrates, and it has a convenient isotope with gamma radiation which made it pos sible to count the radioactivity of whole fetuses. Preliminary studies were per formed on three pregnant rabbits (two controls and one cholesterol-fed) to deter mine the optimal time for measuring io dide transfer. Figure 1 shows that the radioactive iodide concentrations in the maternal blood fell rapidly during the first 10 minutes and then more slowly for the next 80 minutes. During this time interval the fetuses continued to accumulate '"I. In subsequent experiments we chose the 45-minute point to compare "'I uptake by fetuses from control and hypercholesterolemic does. At this time "'I in the fetus has not yet equilibrated and the total "ll present should be a good measure of the total I31Itransferred. In table 5 the fetal I31Iuptakes have been expressed as fetal 131Idivided by the I31Iper milliliter of ma ternal plasma averaged over a 45-minute period. For each doe the maternal plasma I31Iwas averaged over the 45-minute period by planimetry. Table 5 shows that on days 25 and 28 of gestation the control fetuses had taken up 25% more 13II than the fetuses from hypercholesterolemic rabbits, whereas on day 29 the uptakes were re versed. Division of the total 131I uptake by placental weights, which may provide a better measure of placental permeability (10) did not alter the interpretation of these results.
Fetuses from two control and two choles terol-fed does were bled by heart puncture and plasma 131Iwas determined. Table 6 shows that the fetal plasma 131I, expressed as a fraction of the average maternal plasma ""I, did not differ significantly for fetuses from control and cholesterol-fed does.
DISCUSSION
Sisson et al. (11) observed that alloxan diabetic rabbits fed a diet with 1% choles terol and 11.5% fat from day 20 to 28 of pregnancy showed excessive maternal mor tality and abortion rates. Nondiabetic ani mals, on the other hand, showed little or no such effects. PopjÃ¡k (2), who fed l g of amorphous cholesterol without added fat to rabbits between days 8 and 28 of pregnancy, observed no mortality or abor tion but found the fetuses to be grossly underweight. In our own studies the feed ing of 250 mg of cholesterol and 2.6 g of oil per day before and during the first half of pregnancy and double that amount thereafter produced excessive mortality of fetuses (table 1) . On the whole, fetuses died late in pregnancy and were not mal formed. PopjÃ¡k noted a tendency for pre mature deliveries in cholesterol-fed ani mals. We found the same gestation period for cholesterol-fed and control animals (table 2) .
In agreement with PopjÃ¡k we observed decreased fetal weights at days 27 to 30 of pregnancy. However, full-term young delivered between days 31 and 33 snowed no significant differences in birth weights. One must interpret this apparent discrep ancy with caution. The proportion of cho lesterol-fed does that conceived was 13 out of 21. This was significantly lower than the 22 out of 24 controls that were success fully inseminated (chi-square = 4.14, P < 0.05). In addition, in cholesterol-fed does 9 out of 58 fetuses examined between days 25 and 30 were partially resorbed or dead, whereas for control does this propor tion was only 4 out of 99. Again this difference was significant at the 5% level (chi-square = 4.92). It is possible, there fore, that a certain amount of selection for survival of the heavier fetuses took place, and that this selection obscured a potential difference in newborn body weights.
Transfer of plasma 1S'I"between mother and fetus measured between days 25 and 29 of pregnancy did not show significant differences between control and choles terol-fed animals. Radioactive iodide has been used in the study of placental trans port in rabbits by Logothetopoulos and Scott (12) and by Lampe et al. (13) . In both these studies the tracer was given subcutaneously whereas we administered the iodide intravenously.
This prevents meaningful comparisons with the placental permeabilities measured in our study.
The idea, proposed by PopjÃ¡k, that the lipid-filled placentas of the cholesterol-fed rabbits might inhibit the transfer of nutri ents, receives little or no support from our studies. If excessive placental lipid were responsible for decreased placental trans fer of nutrients one would expect that those placentas containing the highest concentration of cholesterol would offer the most resistance to nutrient transfer. Scatter diagrams of 131Itransfers or fetal weights against placental cholesterol con centrations do not show any correlation between these variables.
Our measurements on "'I transfer were made between days 25 and 29 of preg nancy which according to Flexner and Gellhorn (14) is close to the time of maximum placental permeability for sodium. Body weights of fetuses from control and choles terol-fed mothers show a maximal differ ence at day 28 of gestation. Our data do not exclude the possibility that a block in placental transfer of nutrients might exist at an earlier stage of pregnancy. In addi tion our data do not exclude the possibility that a block in placental transfer could exist for nutrients other than iodide, al though preliminary experiments with "Ca by Ming-I Liu (unpublished) also failed to show significant differences in placental permeability with this isotope.
